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The Gap Junction Review
Communication Channel
Nalin M. Kumar and Norton B. Gilula limitation, it is not possible to provide a comprehensive
Department of Cell Biology review of theprogress in thegap junction field. However,
The Scripps Research Institute there are several recent reviews that can be used to
10666 North Torrey Pines Road obtain more information about other connexin-related
La Jolla, California 92037 topics (Musil, 1994; Leclerc, 1994; Spray, 1994; Kanno
et al., 1995; Wolburg and Rohlmann, 1995).
Communication plays an important role in the rapid Connexin Structure
progress of modern society. We live in an age when Gap junctions exhibit a hierarchy of assembly. The prin-
information is transmitted through many different path- cipal structural component, the membrane protein con-
ways and in many different forms to influence our daily nexin, is organized into the basic unit of structure, the
decisions. However, although we live in communities, connexon, which is a hexameric structure with a toroid
we still treasure our individuality. By analogy, the sur- appearance in negative-stained preparations. The fam-
vival of multicellular organisms depends on each cell ily of connexin proteins includes at least 12 members in
type retaining its individuality, even though all cellular rodents (Table 1; Kumar and Gilula, 1992). An individual
activities must be coordinated with other cells. Organ- connexon from one cell docks or associates with a cor-
isms have evolved multiple strategies to achieve this responding connexon on a neighboring cell to form a
goal, which include long-range interactions mediated gap junction channel, and multiple channels, in turn,
by neural or endocrine mechanismsor short-range inter- cluster or aggregate in the plane of the membrane to
actions that include direct physical or cell±cell contact. form gap junction plaques. The properties of the gap
While the first strategy involves interactions at a dis-
junction channels are defined by the connexins. Struc-
tance, one mode of direct communication involves the
tural and biophysical studies are being used to define
cell-to-cell transmission of molecules through channels
the mechanism by which connexins function.
in a specialized cell surface membrane structure, the
Connexins are the principal protein component of gap
gap junction.
junctions. There is much evidence to support the fact
Gap junctions contain channels that connect neigh-
that the connexins alone (assembled in a lipid bilayer)
boring cells. They differ from other membrane channels
are responsible for the generation of gap junctional
since they exist between two cells, they are relatively
channels. This evidence includes the following: con-
nonspecific, and the molecular movement through the
nexin sequences are consistent with an integral mem-
channels occurs by passive diffusion. The gap junctional
brane protein that has a transmembrane domain con-
channels have an apparent selectivity based principally
taining polar amino acids that would contribute to theon molecular size, allowing the movement of molecules
formation of a channel lining; reconstitution of purifiedsmaller than 1000 Da, such as cAMP, but preventing
connexins into artificial membranes yields functionalthe movement of proteins or nucleic acids. Small infor-
channels (reviewed by Buehler et al., 1995); expressionmational molecules, such as certain morphogens, could
of connexin cDNAs in heterologous systems (includingbe directly transmitted between cells via gap junctions.
yeast) yields not only functional gap junction channels,Consequently, this type of communication is an impor-
but also gap junctions that are ultrastructurally identicaltant mechanism for regulating events between cells dur-
to those occurring naturally invivo; electron microscopicing embryogenesis (Warner et al., 1984) and during the
immunocytochemical studies localize connexins to gapnormal function of organs, such as the heart.
junction plaques; and the distribution of connexins ob-Apart from a few terminally differentiated cells, such
served in vivo can be related to gap junctional communi-as skeletal muscle, erythrocytes, and circulating lym-
cation pathways.phocytes,most cells innormal tissues generally commu-
Each of the connexins appears to fit the general topo-nicate via gap junctions. These junctions exist in almost
logical model for gap junction protein (Figure 1). In thisall animals, both vertebrates and invertebrates, and
model, the polypeptide traverses the lipid bilayer fourhigher plant cells utilize a similar mechanism for cell±cell
times, with both the N- and C-termini facing the cyto-communication via the plasmodesmata structures.
plasm (Milks et al., 1988; cf. Yeager and Gilula, 1992).There has been rapid progress recently in identifying
Analysis of the different connexins indicates that one ofand characterizing a multigene family that codes the
the transmembrane domains, M3, has an amphipathicgap junction proteins (called connexins). Two alternative
character, suggesting that it contributes to the lining ofnomenclature systems, one based on the molecular
the channel. The two extracellular loops (E1 and E2)mass of the connexin polypeptide and the other based
are thought to be involved in initiating the interactionon evolutionary considerations (Kumar and Gilula, 1992),
between connexons in adjacent cells. A set of threeare currently in use. In this review, the Greek nomencla-
cysteine residues exists in each of the extracellularture system will be used. The relationship between the
loops with a characteristic arrangement that is a signa-two nomenclature systems is shown in Table 1.
ture of connexins. These may help to maintain the rigidThis review will highlight recent progress in under-
tertiary structure that enables two opposing connexonsstanding the biosynthesis, assembly, and structure of
to dock with each other. The regions between the trans-the vertebrate gap junction channel, as well as its rela-
tionship to several human diseases. Owing to a space membrane domains M2 and M3, as well as the C-termini
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Table 1. Connexin Multigene Family
Predicted Examples of
Greek Letter Molecular Mass Molecular Mass Organs with
Nomenclature Nomenclature (kDa) Expression
a1 Cx43 43.0 Heart
a2 Cx38 37.8 Embryo
a3 Cx46 46.0 Lens
a4 Cx37 37.6 Lung
a5 Cx40 40.4 Lung
a6 Cx45 45.7 Heart
a7 Cx33 32.9 Testis
a8 Cx50 49.6 Lens
b1 Cx32 32.0 Liver
b2 Cx26 26.5 Liver
b3 Cx31 31.0 Skin
b4 Cx31.1 31.1 Skin
b5 Cx30.3 30.3 Skin
Deduced protein size to nearest 0.1 kDa predicted from rodent connexin cDNA analysis is shown except for a2 connexin, in which Xenopus
cDNA was analyzed. Owing to space limitations, proper citations are not included. The reader is referred to the GenBank database for proper
citations and to Kumar and Gilula (1992), Spray and Dermietzel (1995), and Musil (1994).
of the connexins, are highly variable among the different topology, to expect that the other connexins will also
associate to form hexameric connexons.connexins and are, therefore, thought to be important
for regulation.
It has been suggested that the folding pattern for the Permeability Properties of Gap
Junction Channelsconnexins corresponds to an antiparallel arrangement
of four transmembrane domains that associate to form In addition to inorganic ions (Na1,K1, Ca21, etc.), a number
of small molecules, such as cAMP and inositol 1,4,5-a left-handed bundle (Milks et al., 1988), which is consis-
tent with the known structural and permeability proper- trisphosphate (IP3), can pass through gap junctions (re-
viewed by Loewenstein, 1981; Spray, 1994). Using pep-ties of gap junctions. X-ray (Tibbitts et al., 1990) and
circular dichroism studies (Cascio et al., 1995) are con- tides conjugated to fluorescent dyes, researchers have
estimated the size of the pore for a gap junction channelsistent with the high helical content of the transmem-
brane domains of b1 connexin predicted by this model. (Loewenstein, 1981). This analysis indicates that gap
junctions are relatively nonselective in their permeabil-However, it should be stressed that such models are
speculative since there is little relevant evidence avail- ity to hydrophilic molecules with diameters of 1.5 nm or
less.able. Much progress has yet to be made in obtaining
some structural information on the gap junction connex- Since the earlier permeability studies, it has become
apparent that the gap junction channels can be formedins at the atomic level.
The oligomeric arrangement of connexins has been by a number of different connexins. Therefore, it is im-
portant to consider the fact that the channels formedindicated in structural studies on gap junctions where
6-fold symmetry has been used as a constraint in the by different connexins may have different permeabilities
that will permit the discrimination of second messen-image analysis. Recently, independent evidence has
been provided by chemical cross-linking studies on pu- gers, such as cAMP, cGMP, Ca21, or IP3. The net result
of such diversity could be to form communication com-rified rat liver gap junction connexons (Cascio et al.,
1995) to indicate that each connexon consists of six partments that will enable a select group of cells to be
regulated by changes in the concentration of a specificsubunits. Although the stoichiometry for the association
of connexins in other connexons is not yet known, it second messenger or metabolite.
Recently, it has been demonstrated that there arewould be reasonable, based on their similar predicted
Figure 1. Molecular Models for Connexin To-
pology
(A) Topological model for the connexins. The
cylinders represent transmembrane domains
(M1±M4). The loops between the first and
second, as well as the third and fourth, trans-
membrane domains are predicted to be ex-
tracellular (E1 and E2, respectively).
(B) Model of the transmembrane domains of
six connexin subunits in an oligomeric ar-
rangement to form the hydrophobic spacing
(pore) for the gap junction channel.
Review: Gap Junctions
383
connexin-specific differences in channel permeabilities channels is thought to involve themovement of electrical
charges in the protein in response to the potential differ-(Brissette et al., 1994; Steinberg et al., 1994; Elfgang et
al., 1995; Veenstra et al., 1995). These channel perme- ence across the membrane; this would require a confor-
mational change in the ion channel protein. This hasabilities are either intrinsic to the structure of the con-
nexin or due to differences in posttranslational modifica- been envisioned either as a physical blockage (ball on
a chain model) or as a rotation and tilting of the connex-tions.
Differences in channel permeabilities may be impor- ins (iris model) resulting in an alteration in pore size.
tant for normal physiological processes since a modula-
tion in expression of different connexin isoforms has Gap Junctions and Intracellular Ca21
been observed in many systems. For example, during Ca21 was the first cytoplasmic factor to be implicated
keratinocyte differentiation, there is a switch in expres- in the regulation of gap junction function (Loewenstein,
sion from a1 and b2 connexin to b3 and b4 connexin 1981). Ca21 may play a dual role in both gating of the
(Brissette et al., 1994). Correlated with these changes channel, as well as being transferred by diffusion
in connexin expression are changes in junctional perme- through the channel. While an increase in Ca21 concen-
ability as indicated by a decreased transfer of large tration has been correlated with reduced gap junctional
molecules, such as the dye lucifer yellow, even though communication, this occurs at nonphysiological Ca21
the cells remain electrically coupled (Brissette et al., concentrations (Spray, 1994). However, a gating of gap
1994). It remains to be determined whether different junctions by changes in intracellular Ca21 may be impor-
biologically relevant molecules pass between the kera- tant under pathological conditions.
tinocytes at different stages of differentiation. Interest- More recently, there have been numerous indications
ingly, the transfer of metabolites such as amino acids that oscillatory changes in Ca21 concentration and cell±
and nucleotides did not appear to be influenced by the cell propagating waves of free Ca21 at physiologically
change in connexin expression. Thus, it is unlikely that relevant concentrations, perhaps mediated via the cell±
size is the only consideration for distinguishing the per- cell movement of IP3 (SaÂ ez et al., 1989; Sanderson et
meability properties of connexins. In a recent study, it al., 1994), may serve to coordinate important activities in
was demonstrated that the relative selectivity and per- various physiological conditions, including neuron±glial
meability to ions and dyes for different connexins was cell interactions. Thus, there are indications that
independent of channel conductance (Veenstra et al., changes in intracellular Ca21 in glial cells can cause
1995). The results in this study imply that weak electro- changes in intracellular Ca21 levels of surrounding neu-
static potentials associated with the pore of each con- ronal cells and that this process is mediated by gap
nexin channel account for the gap junction channel con- junctions between the twocell types (Nedergaard,1994).
ductance and permselectivity. However, the molecular However, one potential difficulty with this interpretation
basis for the apparent selectivity in channel permeability is that astrocytes express a1 connexin, whereas neu-
is not known. rons express b1 connexin (Dermietzel and Spray, 1993).
Reconstitution studies and the biophysical character- These two connexin isoforms have been reported to
ization of gap junction channel properties between cells be incompatible in the paired Xenopus oocyte system
have provided indications that different connexins have (White et al., 1995). Consequently, if the oocyte data is
single channel conductances ranging from 20 pS to sev- relevant, then it remains tobe determined whether other,
eral hundred picoSiemens (Spray, 1994). The different as yet unidentified, connexins that are compatible with
single channel conductances may reflect intrinsic differ- each other are also expressed in these two cell types.
ences in the sequences of the connexins. For example, Alternatively, another mechanism, such as a glutamate-
some connexins are known to be phosphorylated by gated channel, may be involved in the transmission of
tyrosine kinases (Musil, 1994). These phosphorylation Ca21 activation signals from astrocytes to neurons
events, as well as other posttranslational modifications, (Parpura et al., 1994).
such as palmitoylation, may induce conformational
changes that influence conductance and permeability
Interactions between Opposing Connexonsproperties of the connexins. Thus, gap junction chan-
in Heterologous Cell Expression Systemsnels, like other channels, may be regulated by gating,
The different connexin isoforms may associate withand this may enable a cell to respond rapidly to various
each other in many different combinations. This couldphysiological events.
significantly influence properties such as permeability
and gating of the gap junction channels that are formed.
Theoretically, a gap junction channel between two cellsVoltage Dependence of Gap Junctions
Since many ion channels are voltage dependent, it is may contain two identical connexons containing the
same type of connexin (a homotypic gap junction), or itperhaps not surprising that gap junction channels are
also voltage dependent, although the magnitude of the may contain a different connexon composed of a differ-
ent connexin or different stoichiometry in each half ofdependency varies with the type of connexin (Spray,
1994). It should, however, be noted that the biological the cell pair (heterotypic gap junction) (Figure 2).Further-
more, the potential incompatibility between certain pairsrelevance of this dependency on connexin function re-
mains to be elucidated. Interestingly, the connexins lack of connexons may have other consequences, such as
the formation of communication barriers betweenthe characteristic arrangement of charged amino acids
that is typical of other voltage-gated channels, such as groups of cells in contact. For example, since a5 con-
nexin is expressed in Purkinje fibers and predominatelyNa1 and Ca21 channels. The voltage sensitivity of ion
Cell
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Figure 2. Schematic Drawing of Possible Ar-
rangements of Connexons to Form Gap Junc-
tion Channels
Connexons consisting of six connexin sub-
units (red and blue) are illustrated in various
configurations. Connexons may be homo-
meric (composed of six identical connexin
subunits) or heteromeric (composed of more
than one species of connexins). Connexons
associate end to end to form a double mem-
brane gap junction channel. The channel may
be homotypic (if connexons are identical) or
heterotypic (if the two connexons are dif-
ferent).
a1 connexin is expressed in the ventricular myocardium, Targeting of Connexins
Communication compartments have been described init has been suggested that the incompatibility between
a1 and a5 prevents the coupling of these two cell types, the mouse embryo (Lo and Gilula, 1979) and in the
mouse epidermis (Kam et al., 1986). Such compartmentswhich may contribute to the unique electrical character-
istics of these two regions (Bruzzone et al., 1993). The may reflect the differential distribution of connexins
within the plasma membrane of keratinocytes (Goligerselective association of connexins may provide an ex-
planation for the diversity in gap junction genes and the and Paul, 1994). Although the molecular mechanism(s)
for the selective targeting of connexins is not known,reason certain connexins are utilized by specific cell
types. recent experiments using chimeras of synaptophysin
and connexin indicate that the four transmembrane do-The results from model systems indicate that not all
connexons will pair with each other, even though con- mains are necessary for proper targeting to the plasma
membrane (Leube, 1995).nexins are highly homologous to each other, especially
in their extracellular domains (Bruzzone et al., 1993; Elf- The communication pathway mediated by gap junc-
tions occurs between two cells, and it can usually begang et al., 1995; White et al., 1995). Such studies sug-
gest that the second extracellular domain (E2) is impor- recognized by the presence of a gap junctional plaque.
A gap junctional plaque containing multiple connexonstant for compatibility between connexins (White et al.,
1994, 1995). can be organized in three different forms. The gap junc-
tional plaque can contain the following: a random mix-In spite of the intriguing results from the studies cited
above, there is no direct evidence for the existence of ture of homomeric or heteromeric connexons (or both)
(Nicholson et al., 1987; Traub et al., 1989); segregatedheterotypic gap junctions in vivo. Nonetheless, studies
of such channels in heterologous cell systems have pro- homomeric connexons that exist in distinct areas within
a gap junctional plaque (Risek et al., 1994); or homo-vided valuable perspectives on the potential mecha-
nisms that may regulate the formation and function of meric connexons that exist as separate plaques and
possibly in different membrane compartments (Spray etgap junction channels in vivo.
al., 1991; Laird et al., 1992; Guerrier et al., 1995). Each
of these forms has been described in vivo.Interactions of Connexins within
The observationsthat certain connexins can form sep-a Connexon
arate gap junctions with distinct membrane locationsMost cells express more than one type of connexin,
within the same cell has a number of implications. First,leading to the possibility that heteromeric connexons
preferential interactions of different connexons exist(composed of two or even more connexins) may exist
within the plane of the membrane, and this may bein vivo. In principal, connexons can consist of only one
reflected in the nonhomogenous distribution of differenttype (homomericconnexons) or multiple connexins (het-
connexons within a gap junctional plaque as has beeneromeric connexons) (Figure 2).
indicated by freeze-fracture analysis (Risek et al., 1994).Since different connexins have different permeability
Second, there are mechanisms for the spatial targetingproperties, it is reasonable to assume that connexons
of certain connexins. The latter possibility is supportedthat contain multiple connexins (heteromeric connex-
by immunohistochemical results that indicate a1, butons) will have unique physiological properties. Thus, the
not b1, connexin and the tight junction-associated pro-specific communication pathways that exist between
tein ZO-1 are colocalized in thyroid gland cells, sug-cells are likely to be influenced by the utilization of differ-
gesting a relationship between connexin distributionent connexins.
and cell polarity (Guerrier et al., 1995). Furthermore,The existence of heteromeric connexons has been
since a1 and b1 connexin exist in different regions ofsupported recently by biochemical experiments that
the cell membrane, it is likely that they are assembledhave utilized fractionation of detergent solubilized gap
as homomeric connexons in these cells.junctions (Stauffer et al., 1991; Kistler et al., 1993; Cascio
et al., 1995; Stauffer, 1995). Some of these data suggest
indirectly that b1 and b2 connexin can oligomerize to Formation of Gap Junction Channels
The formation of a membrane channel is a complexform a heteromeric connexon. More direct experimental
approaches must be used in the near future to establish event. First, it requires the integration of the protein into
a membrane with the polypeptide oriented and foldedthe existence of heteromeric connexons, as well as to
determine whether there is selectivity in the oligomeriza- correctly. Many channels are hetero-oligomeric pro-
teins, typically consisting of four to six subunits. Thetion process.
Review: Gap Junctions
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assembly of protein into channels is a complicated pro- detergent condition that was used for the analysis. Fur-
thermore, the use of transport inhibitors (e.g., brefeldincess because the composition, stoichiometry, and ar-
rangement of thesubunits within the oligomer are critical A or lower temperatures) inhibits the phosphorylation
of a1 connexin (Musil and Goodenough, 1993), whichfor their proper function. Furthermore, the channel pro-
tein may undergo posttranslational modifications, such may influence the solubility of a1 connexon oligomers
in nonionic detergent (Musil and Goodenough, 1991).as glycosylation, acylation, phosphorylation, or forma-
tion of disulfide bonds. Finally, the protein must traffic Finally, the observations in this study have been made
on a cell culture line, and the assembly process mayto the correct subcellular location.
The biosynthesis, intracellular sorting, and assembly differ from that in the liver and pancreas.
One implication of the post-ER oligomerization modelof gap junctions are active areas of research. Since the
properties of a gap junction channel may be defined by is that, prior to oligomerization, the regions of the con-
nexin that are normally involved in protein±protein inter-its composition, the mechanism by which the selective
association and targeting of connexins are determined actions and in forming the pore will be in direct contact
with the hydrophobic environment of the lipid bilayer.is of much interest. Like other membrane channels, the
formation of a gap junction involves multiple steps. How- Such a situation is energetically unfavorable if integra-
tion of the connexin occurs within the ER, with subse-ever, unlike other channels, two membranes are re-
quired to form the complete functionalunit. If such struc- quent transport to the Golgi complex as an unshielded,
nonoligomerized subunit. However, it is possible thattures were to form in intracellular compartments, it
would have dramatic consequences for the cell. Most molecular chaperones shield the exposed domains of
the nonoligomerized connexin from the lipid bilayer.of the details, as well as the temporal sequence for
these transitional events during the formation of a gap Details of the transport of connexin from the Golgi
complex to the cell surface remain largely unknown.junction, are unclear at present.
Integration into the rough endoplasmic reticulum (ER) Connexins can undergo phosphorylation, and in early
experiments it was suggested that one role for this post-membrane is normally the first event in the biosynthesis
of an integral membrane protein. This is also likely for translational modification might be to transport the con-
nexin to the cell surface (Musil et al., 1990). However,connexins since subcellular fractionation studies indi-
cate their presence in ER membranes (Rahman et al., subsequent studies suggest that at least certain phos-
phorylation events are not required for transport to the1993; Falk et al., 1994). However, unlike in experiments
with other membrane proteins, the insertion of connex- cell surface, but they may be involved in the mainte-
nance and assembly of gap junctions (Musil andins using dog pancreaticmicrosomal membranes invitro
is accompanied by an aberrant signal peptidase pro- Goodenough, 1991), as well as in gating.
After arrival at the cell surface, the connexons fromcessing of the connexins (Falk et al., 1994). This in vitro
processing appears to result from a cryptic signal pepti- adjacent cells have the potential to form gap junctions.
The rapid formation of channels upon cell contact (withindase cleavage site within the connexin sequence that
is not normally used in the cell. A similar processing seconds or minutes) suggests that connexons preexist
in the plasma membrane (Rook et al., 1990). The forma-was also observed in different cell typestransfected with
connexin cDNAs that expressed high levels of connexin tion and regulation of gap junctions may, in turn, be
modulated by interactions with other cell adhesion mol-(Falk et al., 1994), suggesting that the factor or condition
responsible for preventing this aberrant processing un- ecules (Musil et al., 1990; Meyer et al., 1992). The mecha-
nism by which the cell adhesion molecules modulateder normal conditions could be rate limiting. It remains
to be determined whether chaperone-like proteins are the formation of gap junctions remainsto be determined.
It is possible that a feedback mechanism involving ainvolved in membrane integration and folding that stabi-
lize and prevent this cleavage or whether the cell uses signal transduction pathway influences the formation of
both types of junctions. However, although cell adhesionthe cleavage as a mechanism for regulating the synthe-
sis or quality control (or both) of connexins. molecules may contribute, they are apparently not es-
sential for gap junction formation. This is indicated byWhere does the oligomerization of connexins into
connexons occur? In general, oligomerization of many the observation of assembled gap junctions in intracellu-
lar membranes where cell adhesion molecules are likelymembrane proteins occurs in the ER (Hurtley and Hele-
nius, 1989). This possibility for connexins is suggested to be present in limited quantities or nonexistent (Kumar
et al., 1995).by the report of assembled oligomers in the ER mem-
branes of cells transfected with b1 connexin (Kumar et Other proteins have also been found to influence gap
junctions via their effects on cell adhesion molecules.al., 1995). Although it is not yet known whether connex-
ins oligomerize in the ER in nontransfected cells, the For example, it has been demonstrated that the prod-
ucts of the wnt gene family modulate gap junction per-analysis of subcellular fractions of rat liver is consistent
meability in Xenopus embryos (Moon et al., 1993). Thus,with this possibility (Rahman et al., 1993; Falk et al.,
the dynamic interactions between different types of cell1994).
junction and adhesion molecules may have importantIn contrast, another study concluded that oligomeriza-
consequences.tion of a1 connexin occurred in the trans±Golgi complex
(Musil and Goodenough, 1993). This represents one of
the earliest examples of a post-ER oligomerization of a Gap Junctions and Their Role
in Human Diseasesmembrane protein. However, the conclusions of this
study must be considered carefully since they are criti- The wide distribution and conservation of connexins in
different cellsand organisms, as well as theirmodulationcally dependent on establishing that all possible forms
of the a1 connexon oligomers are stable in the nonionic at both transcriptional and protein levels, indicate their
Cell
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fundamental importance for cell function. Aberrations express b1 connexin need to be carried out to distin-
guish between these interesting possibilities. Unfortu-in connexon expression have been implicated in cancer,
nately, materials from these patients are difficult tocardiac ischemia, and cardiac hypertrophy. Recently,
obtain.exciting new insights into the structure and function
It is intriguing to consider the mechanisms that permitof gap junction channels have emerged from human
the establishment of left±right asymmetry that is foundgenetics. These studies have implicated gap junctions
in many vertebrate structures. Genes involved in cellin two inherited human diseases; Charcot±Marie±Tooth
signaling have been implicated in the regulation of left±(CMT) disease and visceroatrial heterotaxia syndrome
right development (Yost, 1995). The involvement of com-(VAH). The gap junction channel defects in these dis-
munication pathways in this patterning and in cardiaceases provide models for gap junction channel dysfunc-
development is also suggested by the linkage of muta-tion, and they provide important new perspectives about
tions in the a1 connexin gene in pediatric patients withthe role of connexins in development and physiology.
VAH (Britz-Cunningham et al., 1995). This syndromeCMT is a disease of peripheral nerves that affects both
manifests itself in many different degrees of severity,motor and sensory nerve functions. The most common
ranging from mild to even lethal, and is caused byinherited CMT disorder involves abnormalities of the
defects in the heart. VAH appears to arise by fundamen-peripheral myelin protein 22. Another form of the disease
tal perturbations in left±right patterning. Using polymer-(CMTX) has been localized to chromosome X, and it is
ase chain reaction (PCR) to study the cytoplasmicaccompanied by mutations in the coding region of the
C-terminal domain of the a1 connexin gene, researchersb1 gene (Bergoffen et al., 1993). Analysis of these CMTX
determined that point mutations in serine or threoninemutations in a paired Xenopus oocyte system clearly
residues were present in patients with VAH (Britz-Cun-indicates that these mutations have a direct effect on
ningham et al., 1995). These residues are thought to bechannel activity (Bruzzone et al., 1994). Recent results
sites for connexin phosphorylation. It is known that a1on the involvement of connexins in the CMTX disease
connexin is phosphorylated at multiple sites, and thishave been reviewed (Paul, 1995; Spray and Dermietzel,
modification may influence the assembly and gating of1995).
the gap junction (reviewed by Musil, 1994). Subsequentb1 connexin is widely expressed in many tissues, in-
analysis of cells transfected with one of the mutant a1cluding liver, most of which do not appear to be signifi-
connexin genes showed abnormal regulation by proteincantly affected by the CMTX disease. However, it should
kinases. However, it has not yet been determinedbe noted that the studies on b1 expression in Schwann
whether defects in other regions of the a1 connexin arecells have been primarily performed in rodents, and
responsible for other types of cardiac defects.these data may not be directly applicable to humans.
Recent evidence for the importance of a1 connexinSeveral explanations can be offered for this apparent
in cardiac development and physiology has been pro-lack of an effect of mutant b1 connexin on cell function
vided by targeted disruption of the a1 connexin genein these other organs. The simplest possibility is that gap
in mice (Reaume et al., 1995). Homozygote mice con-junctional pathways in other organs are not mediated by
taining a nonfunctional a1 gene develop to term, but dieb1 connexin alone. Therefore, in CMTX patients, other
shortly after birth. Histological analysis of the heart inconnexins are responsible for producing the junctional
these mice indicates swelling and blockage of the rightpathways that are required outside of Schwann cells.
ventricular outflow tract, which is likely to prevent pul-For this to explain the observed phenotype, the
monary gas exchange leading to death.Schwann cells in the CMTX patients would need either
These knockout mice, while very interesting, may notto contain a connexin that interacts with the mutant b1
behave identically to organisms that contain only a mu-
connexin to form a nonfunctional channel or to possess
tation in the a1 connexin gene. For example, there may
a connexin that cannot duplicate the function of normal
be mutations that allow a connexin to function at a
b1 connexin.
reduced level or with an altered property, such as gating
Some of the CMTX mutations act as dominant nega- or permeability. Conversely, mutations may cause the
tive inhibitors of b2 connexin function (Bruzzone et al., mutated connexin to behave as a dominant negative
1994). Thus, depending on the connexins expressed, inhibitor of the connexins or other interacting proteins.
communication pathways may be reduced or not af- In addition, mice may not prove useful as models for
fected in cells that express multiple connexins in the human genetic diseases because of differences not only
b1-expressing tissues of the CMTX patient. Another in connexin sequences and distribution, but also due to
possibility is that there is a novel induction of expression species differences in other proteins that influence the
of connexins that are not normally expressed in these gap junctional pathway. Nonetheless, knockout mice
tissues and that do not oligomerize with the mutated are certain to provide novel insights and complement
b1 connexin. For example, it has been shown that in studies using other approaches, such as dominant neg-
rodent liver the gene for a1 connexin is as active tran- ative mutations (Paul et al., 1995; Sullivan and Lo, 1995),
scriptionally as the b2 gene (Kren et al., 1993). However, to analyze the involvement of connexins during develop-
very little a1 connexin is present as stable transcripts ment and adult function.
or protein in the liver. Possibly, disruption of the function The growth control hypothesis proposed by Loewen-
of b1 connexin results in the stabilization of a1 connexin stein (1981) emphasizes the possibility that growth regu-
in the liver. This would require some feedback mecha- latory signals are transmitted through gap junctions.
nism to regulate connexin biosynthesis. Experiments Implicit in this hypothesis was that a decreased commu-
nication capacity would lead to uncontrolled growth inon the tissue samples of CMTX patients that normally
Review: Gap Junctions
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and reviews are cited. Finally, we apologize to those whose workthe extreme cases, such as occurs in cancer. Direct
could not be recognized owing to a space limitation.evidence for the inverse relationship between cellular
growth and gap junctional communication has been pro-
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